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relativistic correction to Schrédinger equation: PRL 77, 3419 (1996)

Hsoc = (h/4mc*)(VV X p) - &

V: external potential, p: momentum, o: Pauli spin operator

approximately proportional to: L-S SOC

— spin degenerate levels may be spin split by SOC
but: forbidden for systems inversion symmetry
crystal surface breaks this symmetry!
Au(111):

Fermi surfaces and (one half of) the surface Brillouin zone.

Arrows and dashed lines indicate spin orientations

Solid line represents the bulk Fermi surface neck.

All spins are in the plane of the surface.

At the surface: k_= -0.153, 0.177 A1, M = 1.26 A+

In the bulk: k. = - 0.216 A



SIA: Rashba-Effekt
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Rashba-Effekt im Experiment

Au(lll)
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ARPES incl. Spin-Erwartungswert
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Sugawara et al, PRL 96 (2006) 046411.



Spin-FET
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Oberflachenzustand auf (111)-Flachen von Edelmetallen:

iIsotrop
parabolisch
free-electron like”

surface states

bulk states




Stehwellenmuster

Cu(111)
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diff. conductandédU[nS]
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Bildpotentialzustande

Aus: U. Hofer, Dynamik von Bildpotentialzustédnden
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Aus: U. Hofer, Dynamik von Bildpotentialzustédnden



Zweiphotonenphotoemission (2PPE)

/ Ar+ Laser

Elektronen-
Analysator Vo

I
§ I
N / W
Ti:Saphir-
‘ Laser Y

X-ray
< A v 4
uv L / Heo

\, variable <>
Verzégerung
\ | / N A THG
- NN\ > < (x3) [
< Shw

Aus: U. Hofer, Dynamik von Bildpotentialzustdnden



Cu(100)
B E >80 meV
1=300fs
) A Zeitabhangigkeit des 2PPE-Signals
o
- b der niedrigsten drei Bildpotentialzustande
= von Cu(100).
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Aus: U. Hofer, Dynamik von Bildpotentialzusténden



n-type semiconductor
buk ., surface
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Fig. 11.16. Schematic illustration of band bending near the surface of a, (b) n-
type and ¢, (d) p-type semiconductors. (a) and (c) illustrate the disequilibrium
between the bulk and the surface. (b) and (d) show band bending at equilibrium.
Ec¢ and Evy are the conduction- and valence-band edges, Er the Fermi energy, Ep
and Ea the energy of the bulk donor and acceptor levels. Qss = —Qsc are the
charges accumulated at the surface and in the space charge layer. eVs = ev (z = 0)
denotes the band bending

space charge
layer
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Fig. 11.21. Schematic band diagram for a semiconductor surface. ¢ is the work
function, y the electron affinity, eVs the band bending, Ev the valence band max-
imum, E¢ the conduction band minimum, and Er the Fermi level



Adsorption



Ni(110) 2x1 CO
e Ni ist wichtiger Katalysator, z. B.: CO + H,O - CO, + H,
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Van der Waals Bindung: Abstandsabhangigkeit

numerical solution
- - -~ continuum solution ~Z°

Potential (arb. units)

1 !
2 4 6 8

Distance z/ a_

Fig. 6.1. Van-der-Waals bonding to a surface of an fcc-crystal. The parameters are chosen
to represent Xe on Pt(100). The distance z 1s in units of the surface lattice constant a.. Solid

line 1s the numerical solution for a pair-wise Lennard-Jones Potential. The dashed line is the
continuum solution for the attractive part (6.3).



Van der Waals Bindung: Variation uber Einheitszelle
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Fig. 6.2. Relative corrugation of the minimum in the physisorption potential (solid line).
The potential deviates significantly from a simple cosine-function (dotted line).
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Xe auf Pt: Chemische Effekte bei kleinen Abstanden

Pt5d! UNOCC | ssmmmmmnns

Pt5d, occ

Xebp

Fig. 6.3. Schematic picture of the bonding of rare-gas atoms on a transition metal for the
example of Xe on Pt: The coupling of the occupied XeSp-states with the occupied Pt5d-
states leads to occupied bonding and anti-bonding states (dashed lines) and thereby to
Pauli-repulsion. Mixing with the unoccupied Pt5d states (polarization states) leads to a
considerable charge transfer and to an overall downshift of the electron states, and thereby
to a weak chemical bonding. |



Ladungstransfer

Xe auf Pt

charge density difference

Fig. 6.4.

A XePty,)—o(Xe)—(Pty,) along the intersection AB shown on the left. Dashed and

solid contour lines indicate charge deficit and surplus, respectively. Note the net charge

transfer into the substrate!
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Adsorption: dissoziativ vs. molekular

Energy

Fig. 6.5. Grossly simplified illustration of the energetics of the adsorption process for dia-
tomic molecules: The solid line represents the physisorption potential or the potential of
whatever bond the molecule may establish as a whole with the surface. The dashed and
dash-dotted lines show two possible cases for the energy of the dissociated molecule. De-
pending on the energy of dissociation in the gas phase, the equilibrium bond distance and
the adsorption energy for the atoms, there may be a barrier for dissociation or not. foach



Adsorption: VIELE Parameter; Reaktionskoordinate

Distance from surface

m Distance between the atoms

Fig. 6.6. Schematic drawing of the contour lines of the atom potential for a molecule ap-
proaching a flat surface ("elbow plot"). For large distances, the potential has a minimum at
the gas-phase equilibrium bond distance. As the molecule draws closer to the surface, the
bond distance increases. Eventually the potential is independent of the atom-atom distance.
The molecule may or may not encounter an activation barrier along the path (solid and thin
dash-dotted contour lines). foach
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Fig. 6.26. Orbital scheme of the CO-molecule. As the largest weight of the 5o-orbital is on
the backside of the carbon atom, CO bonds with the carbon atom pointing towards the

surface.
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fcc hollow

EELS von c(4x2) CO auf Pt(111) hep hollow
E,=2¢eV
2100
470 Pt(1 1 1)+CO l

L
’g atop
S bridge 1850
g I
= |
= 380
S l
= \

0 1000 2000 8.06548 cm = 1 meV

Energy loss in wave numbers / cm-!

Fig. 6.27. Electron energy loss spectrum of 2 eV electrons backscattered in specular reflec-
tion from a CO-covered Pt(111) surface [6.29]. The energy loss is given in spectroscopic
units (8.065 cm™' = 1 meV). The mode pair 2100 cm™'/470 cm™ belongs to CO in the a-top
site, the pair at 1850 cm™'/380 cm™ to CO in the two-fold bridge site. The spectrum corre-
sponds to half a monolayer coverage for which the system realizes a c(4x2) structure (see
insert).
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Newns-Anderson Model
Hbulk — Z €q(ILCLq
q

Had = €uClCo + E VagChaq + Hoc.




Newns-Anderson Model: Shift & Broadening
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Fig. 9.10. Change in density of states due to chemisorption for Cl, Si
and L1 atoms adsorbed on jellium (r, = 2). The silicon curve exhibits
both 3s-derived and 3p-derived resonances (Lang & Williams, 1978).
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Fig. 9.11. Contours of constant charge density for Cl, St and Lt atoms
adsorbed on a jellium substrate: (a) total charge; (b) induced charge.
Solid (dashed) curves denote a surfeit (depletion) of electrons (Lang &
Williams, 1978).
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